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Introduction
31
During the last ca. 5 Ma of the Earth's history, global climate cooled and evolved towards oscillating 32 climatic conditions that intensified towards the present (e.g. Zachos et al., 2001; Herbert et al., 2016) .
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longer a surface has been exposed to daylight, the deeper the signal bleaching will be (Polikreti et al., 
Furthermore, the rock type is generally homogenous along the valley flank (i.e. orthogneiss; Dobmeier M A N U S C R I P T 
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127
We collected six samples along the Montenvers profile during several field campaigns (2015) (2016) ,
128
ranging in elevation from 1841 to 1696 m.a.s.l. (Fig. 1 and Table 1 ). Samples MBMV1, MBMV7, quartz, biotite and muscovite. Only MBMV6 was collected from a granitic lens, which consists of 132 bigger quartz and feldspar crystals than the orthogneiss (Fig. 3b ). Because differences in crystals
133
properties may influence light penetration, i.e. due to both crystal size and distribution, sample
134
MBMV6 is used to explore any potential lithological effect on the OSL surface exposure dating 
142
Shielding factors were calculated with the geometric shielding calculator (CRONUS-Earth project).
143
Note that all estimated exposure ages are referenced from 2015 (date of the first field campaign). 
Independent age calibration from glacier thickness reconstruction
151
We use the historical post-LIA reconstruction of the Mer de Glace thickness (Vincent et al., 2014) 152 available for two cross-sections: Montenvers and Echelets ( 
183
of OSL for dating exposure events in geomorphological (Freiesleben et al., 2015; Sohbati et al., 2015) and archaeological (Liritzis, 2011) 
188
In mountainous environments, OSL dating can be used to evaluate the exposure age of a 189 polished bedrock surface as described in Figure 4 . At the initial condition (t 1 in Fig. 4 
192
When the glacier retreats, freshly-eroded surfaces are exposed to daylight (point a at time t 2 , Fig. 4 ).
193
The initial luminescence signals start to bleach for these exposed surfaces, while the sample at lower 
208
within the rocks, . At time t 2 , the glacier has retreated and exposed the surface (a), the OSL signal
209
begins to bleach whilst surface (b) remains covered with its luminescence signal unchanged. In the 210 final step t 3 , the glacier size has shrunk, surface (a) remains exposed and its OSL signal is bleached at 211 greater depth while surface (b) has just been exposed to daylight and its OSL signal has been bleached 212 just below the exposed surface. 
214
To assess rock surface exposure durations to daylight from a luminescence depth profile, we use the When a rock surface is exposed to daylight, both detrapping (due to the release of energy by daylight)
217
and trapping (due to absorption of energy from ambient radiation) occur simultaneously. The trapped-
218
charge concentration during light exposure is given by the following differential equation: 
236
wavelength in the spectral range of interest (Sohbati et al., 2011) .
237
For surface exposure dating of terrestrial surfaces, the effect of trap filling during daylight exposure 
259
is assumed to be uniform and µ is expected to be of the same order of magnitude between samples, but 260 not necessarily equal.
261
The OSL-depth profile of exposed rock surfaces with independently constrained exposure 262 durations can be used to calibrate the and µ parameters by fitting the luminescence signal
263
bleaching with depth (Singarayer, 2002; Sohbati et al., 2012a ). These constrained parameters can then 264 be used to determine the exposure histories of unknown-age surfaces from the same region.
265
Here, our objective is to demonstrate the validity of the proposed model (Eq. 4) on polished 266 bedrock surfaces and to calibrate the model parameters on surfaces with known exposure age. To do 267 so, the unknown and µ parameters are inverted for each sample using a probability density 
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291
In order to verify our modelling approach, we show a synthetic inversion. We produce a 292 synthetic luminescence signal (Lx/Tx for depths in between 0 and 14 mm) using Eq. (4) and sample-293 specific σφ and µ parameters (obtained from initially fitting every sample using their independent 294 age control, see Section 5.2 for details) and assuming a constant µ value (i.e. homogenous lithology
295
with rock depth). The first step of the synthetic test is to invert parameters σφ and µ knowing the 296 exposure age t for each individual sample as presented above. Then, using these σφ and µ 297 parameters, we subsequently invert for the exposure age t using Eq. (4). In order to study the effect of between the different cores for a given sample (Fig. 6) . The IRSL signal is bleached near the surface 339 and reaches a plateau at depth. Furthermore, and more importantly, the transition from a bleached 340 signal to the plateau varies with the exposure age. The three core measurements reproduce well for 341 both samples illustrated in Figure 6 , with the mean standard deviation between the three cores ranging 342 from 7 to 27% for all the studied samples. These results confirm experimentally that cores extracted 343 from one individual sample record the same exposure history, supporting the proposed approach. 
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In this section, we determine the and µ parameters individually for each sample in order to study 353 their potential variability from one rock surface to another ( 
364
We evaluate now the parameter determination from joint probability estimates in order to illustrate the 365 benefit of having several known-age calibration samples. 
379
We then contrasted individual estimates of and µ for each sample, using different 380 combinations of samples to estimate these parameters. The results are summarized in Tables 3 and A3 . 
391
(black dashed lines, parameters in Table 3 ) fits close to the best-fit model determined for each sample 392 individually (except MBMV6). These results confirm a key objective of the study, which is the possibility to calibrate the model parameters using different surfaces along a vertical profile, with the 394 same lithology and different (independently-determined) exposure ages. 
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404
The red lines show the best-fit model for each sample taken individually. The dashed black lines 405 represent the best-fit model from a common calibration of the parameters using all gneiss samples together ( = 1.0 10 -7 s -1 and µ =1.48 mm -1 , cf. Fig. 7b and Table 3 ). Raw IRSL data are presented
407
in Table A3 (Supplementary Material). Table A4 and Figure A3 ). Figure 10a shows that our modelling 426 approach is able to recover the observed exposure ages using parameters determined for each 427 individual sample (<10% difference). When the exposure ages are inverted using the parameters determined for all of the gneissic samples together (as shown in Fig. 7b) , there are slight differences between the inverted exposure age and independent age control (Fig. 10b, Table A4 and Figure A3 ).
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The inverted ages are almost all within 20% of the observed ages except for sample MBMV11, which 431 is overestimated by 90%.
432
Taking different calibration combinations with four (Fig. 10c) or three (Fig. 10d) 
437
Although the match between the inverted and observed ages, as well as the trend between samples, is 438 preserved independent of the calibration approach, our results show that the higher the number of 439 calibration sites is, the better the inversion of exposure ages would be. 
454
We also observe that the evolution of luminescence signals with both time and depth within 455 bedrock is mainly controlled by rock characteristics (lithology, texture, weathering and mineral 456 composition). These rock properties will govern the light attenuation and penetration into rocks
457
(parameter µ in Eq. 4), and thus the net bleaching effect on the luminescence signal. At the regional 458 scale, the lithology should preferably be uniform to enable model calibration on some known-age 459 surfaces (through independent dating) before application to reconstruct the exposure history of other 460 bedrock surfaces with unknown exposure age. We see that in a granitic rock, comprising coarse quartz
461
and feldspar grains (translucent minerals), the luminescence-bleaching front will propagate much 462 faster than in gneiss bedrock.
463
Our inversion approach to constrain rock surface exposure ages from OSL data, reveals that 464 the number of calibration samples is critical for constraining the model parameters and thus obtaining 465 accurate exposure ages. Fortunately, calibration rock surfaces in periglacial environments can often be
466
found from historical or remote-sensing paleo-glacier reconstructions. Other types of bedrock surfaces 467 can be used for independent constraint, e.g. anthropogenic structures such as road-cut outcrops (e.g.
468
Sohbati et al., 2012a) or landslide scars. The combined investigation of OSL systems with other 469 surface exposure dating methods such as terrestrial in situ cosmogenic nuclides will also enable us to 470 quantitatively assess the method's accuracy over longer timescales such as the late Pleistocene.
471
Experimental luminescence data presented in Figure 8 confirms that each individual sample's 472 exposure history has been recorded in its luminescence depth profile. For the six bedrock surfaces 473 studied here, each luminescence profile exhibits a fully-bleached signal at shallow depth (i.e. from 1 to 474 7 mm depending on both the exposure age and lithology, Fig. 9 ), followed by a sharp transition to a 475 plateau of intensity deeper into the rock. These simple and homogeneous luminescence profiles can be 476 compared with complex profiles previously observed following multi-stage exposure histories 477 obtained from buried cobbles (Freiesleben et al., 2015; Sohbati et al., 2015) . This confirms that the glacially-polished surfaces we sampled along the Montenvers cross-sections have experienced a simple exposure history. Furthermore, field evidence for surface preservation with glacial features M A N U S C R I P T 
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694
The sensitivity of luminescence signal evolution to the dose rate is tested after four different daylight 695 exposure times (1, 10, 100 and 1000 years of exposure), with a null dose rate and an extremely high dose rate (V W ≈ 14 Gy ka -1 , King et al., 2016) . We used an equation developed by Sohbati et al. (2012) 
The resulting comparison shows that the luminescence signal is not sensitive to dose rate over 703 millenial timescales. We thus consider the dose rate as negligible for our applications of OSL surface 704 exposure dating, and do not take it into account in the luminescence evolution equation.
706 707
Figure A2: Evolution of the nomalised luminescence signal through time and depth for 1, 10, 100 and
dose rate of ~14 Gy/ka (King et al., 2016) . 
722
With preheat temperature equal to 275°C, the residual dose is 0.85 ± 0.43 Gy. For preheat temperature
723
equal to 300°C and 325°C, the residual doses increase to 2.94 ± 0.41 Gy and 2.10 ± 0.52 Gy
724
respectively.
725
We then proceeded to a dose recovery test with preheat-plateau to determine the most 726 appropriate preheat temperature. Thereby we quantified the recovered doses with IRSL 50 for the same 727 range of preheat temperatures explored in the residuals test. We analyzed 3 rock slices with a 728 laboratory beta dose of 27.25 Gy after complete optical bleaching (both disk sides exposed to daylight 729 for about 3 hours). The samples were not heated prior the daylight bleaching. Preheat temperatures reported in Table A1 . For preheat temperatures of 250°C, 275°, 300°C and 325°C, we obtained dose recovery ratios of 0.90 ± 0.10, 0.87 ± 0.17, 0.77 ± 0.23 and 0.85 ± 0.15, respectively (Table A1 ). The optimal preheat temperature for both the residual dose and dose recovery is thus 250°C, and was used 734 in all subsequent experiments. Table A2 : Sensitivity corrected luminescence signal intensities with depth. The depth x (cm) is measured during core slicing with a high-precision numerical micrometre. IRSL measurements M A N U S C R I P T 
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